tains a different set of non-SMC subunits. We have found sucrose gradient centrifugation, the condensin I-specific subunits (hCAP-D2, -G, and -H) cosedimented at that condensins I and II display differential distributions on the chromosome axis and that depletion of one or a peak of ‫31ف‬S, whereas the condensin II-specific subunits (hCAP-D3, -G2, and -H2) comigrated at a peak of other complex produces a highly characteristic defect in chromosome morphology in HeLa cells and Xenopus ‫5.31ف‬S ( Figure 1D ). As expected, the majority of the SMC core subunits (hCAP-C and -E) sedimented in a egg extracts. We propose that an exquisite balance of the actions of the two condensin complexes plays a broad region encompassing the two peaks of condensin I and condensin II. Small amounts of hCAP-C, -E, and fundamental role in shaping the mitotic chromosome.
-D2 were also detectable as slowly sedimenting populations, as described previously (Kimura et al.
, 2001). Results

Phylogeny of Condensin I and Condensin II Identification and Biochemical Characterization
We have identified a protein complex in Xenopus egg of Condensin II in HeLa Cell Nuclear Extracts extracts that has identical subunit composition to huThe human condensin complex is composed of two man condensin II (see below). The distribution of poten-SMC subunits (hCAP-C/SMC4 and hCAP-E/SMC2) and tial condensin subunits in other model organisms is three non-SMC subunits (hCAP-D2, -G, and -H). A datasummarized in Table 1 . Since all of the three non-SMC base search identified a human open reading frame subunits specific to condensin II are found in the Arabi-(KIAA0056; 1498 amino acids) that displays a weak simidopsis thaliana genome, it is reasonable to speculate larity to hCAP-D2. Both polypeptides had a cluster of that condensin II is widespread among the animal four HEAT repeats in the C-terminal, homologous region and plant kingdoms. The Drosophila melanogaster ge-( Figure 1A ; also see Supplemental Data online at http:// nome apparently lacks a sequence encoding CAP-G2, www.cell.com/cgi/content/full/115/1/109/DC1; Neuwhereas none of the condensin II-specific genes is preswald and Hirano, 2000). Further analysis identified anent in S. pombe or S. cerevisiae. Intriguingly, the genome other four HEAT repeats in the central region of the of Caenorhabditis elegans encodes the three condensin KIAA0056 sequence. In addition, both hCAP-D2 and II-specific subunits but none of the condensin I-spe-KIAA0056 sequences contain a cluster of potential Cdc2 cific subunits. phosphorylation sites (SP and TP) at their C-terminal ends. An antibody raised against the C-terminal peptide sequence of KIAA0056 recognized a single band of ‫561ف‬
siRNA-Mediated Depletion of Condensin SMCs Results in Severe Defects in Chromosome kDa on an immunoblot against HeLa cell nuclear extract (data not shown). To test whether this polypeptide
Assembly in HeLa Cells
To examine the functions of the condensin complexes (named hCAP-D3) associates with the condensin subunits, immunoprecipitations were carried out in HeLa in vivo, individual subunits were depleted from HeLa cells by means of RNA interference (RNAi). First, cells cell nuclear extracts using antibodies against hCAP-G, -E, and -D3 ( Figure 1B) . Consistent with our previous were transfected with small interfering RNAs (siRNAs) specific to the SMC subunits hCAP-C/SMC4 and hCAPresults (Kimura et al., 2001), anti-hCAP-G precipitated all known subunits of the condensin complex, but not E/SMC2. Neither depletion appeared to block cell cycle progression as the mitotic indices were indistinguishhCAP-D3 ( Figure 1B, lanes 1 and 5) . Anti-hCAP-D3 precipitated the two SMC subunits (hCAP-C and -E) along able between the SMC-depleted and control cell cultures 24 hr after the second round of transfection. At with hCAP-D3 itself but none of the known non-SMC subunits (hCAP-D2, -G, and -H; Figure 1B , lanes 3 and this time point, the cells were subjected to hypotonic treatment, fixed, and stained with anti-hCAP-E and 7; note that hCAP-C and -D3 comigrate exactly on SDS-PAGE). Instead, the immunoprecipitate obtained with DAPI. In metaphase cells from the mock-transfected culture, individual rod-shaped chromosomes were clearly anti-hCAP-D3 contained two additional polypeptides of ‫521ف‬ kDa and ‫09ف‬ kDa (named hCAP-G2 and -H2, reseen, and anti-hCAP-E stained an axial structure within each chromatid (Figure 2A, left) . In ‫%08ف‬ of metaphase spectively), which were also coprecipitated with antihCAP-E ( Figure 1B Figure S2A ), but also of against kleisin ␤ indicated that it corresponds to hCAP-H2. Taking all these results together, we conclude that hCAP-E (Figure 2A, right) . To monitor chromosome morphology in more detail, HeLa cell nuclear extracts contain a second condensinlike complex, and we refer to this complex as condensin metaphase chromosome spreads were prepared from the transfected cells by a technique called cytospin (Ex-II. As summarized in Figure 1C , condensin II and the canonical condensin complex (henceforth condensin I) perimental Procedures) and stained with anti-hCAP-E and DAPI, as above. The control chromosomes disshare the same pair of SMC core subunits and contain a different, yet related, set of non-SMC subunits.
played a typical X-shaped structure in which sister chromatids were tightly paired at the centromere region. When a HeLa cell nuclear extract was subjected to Anti-hCAP-E stained a central axis along the entire severely compromised, and they displayed a squashed or smeared appearance ( Figure 2B, bottom) . length of the chromatids ( Figure 2B, top) . We found that chromosomes from the hCAP-E-depleted cells were siRNA-mediated depletion of a protein in a cell population is often incomplete; in the case of hCAP-E, the very fragile and highly sensitive to this spreading procedure. The structural integrity of these chromosomes was average degree of depletion under the current condition was ‫,%08ف‬ as judged by immunoblotting against wholegest that the SMC core subunits of condensins I and II play a fundamental role in establishing mitotic chromocell extracts (Supplemental Figure S2B) . In fact, residual levels of hCAP-E were detectable on chromosomes in some architecture in human cells. some metaphase cells after transfection with hCAP-E siRNAs. This fact allowed us to determine that there Depletion of Condensin I-or Condensin II-Specific Subunits Causes a Distinct Defect was a tight correlation between the level of SMC proteins left on chromosomes and the severity of morphological in Chromosome Morphology Next, condensin I-and condensin II-specific subunits defects. As shown in Figure 2C , chromosomes became fuzzier and the sister chromatids were less resolved as were depleted individually from HeLa cells using siRNAs specific to hCAP-G and -G2, respectively. No noticeable the SMC level decreased. These results strongly sug- hCAP-G and -G2 siRNAs, we observed fuzzy chromosomes that were indistinguishable from those observed II-specific subunit, the hCAP-E signals remained concentrated in the central core of the chromatids, but the after SMC depletions ( Figure 3Bd ). As expected, hCAP-E was barely detectable on these structures (Figure 3Bh ). path of this core had a highly characteristic, curly nature (Figures 3Ab and 3Bg) . The sister arms of these chromoThis result not only confirms the specificity of each depletion, but also supports the idea that condensins I ( Figure 4B , right). The differential distributions of condensins I and II on the chromosomal axis provide addiand II can be targeted to chromosomes and function independently of one another (also see Supplemental tional evidence for their distinct mechanistic contributions to mitotic chromosome architecture. Figure S3 ). We conclude that the two condensin complexes have nonredundant roles in the organization of metaphase chromosomes in HeLa cells.
Immunodepletion of Condensin I and Condensin II from Xenopus Egg Extracts
To extend our analysis of condensin II to the Xenopus Differential Localization of Condensin I and Condensin II on HeLa Chromosomes egg cell-free system, we identified the cDNAs encoding the X. laevis orthologs of the condensin II-specific subImmunofluorescent staining of HeLa chromosomes reveals that hCAP-E is enriched in the central axis of chrounits (XCAP-D3, -G2, and -H2; see Experimental Procedures). A panel of antibodies was raised against mosomes, which itself may be organized into a spiral shape (e.g., Figures 2C and 3Be) . Because hCAP-E is synthetic peptides corresponding to the C-terminal sequences of these three polypeptides. Reciprocal immua common subunit of condensins I and II, the signal represents their combined distribution. To examine the noprecipitations followed by immunoblotting demonstrated that Xenopus egg extracts contain a protein specific localization of each complex, human chromosomes were stained simultaneously with anti-hCAP-G complex whose subunit composition is identical to that of human condensin II ( Figure 5A ). The sedimentation and anti-hCAP-G2 (see Experimental Procedures). Overall, the staining signal obtained with the condensin coefficients of Xenopus condensins I and II are similar to those of their corresponding human counterparts I-specific antibody was more robust than that obtained with the condensin II-specific antibody ( Figure 4A) .
(data not shown). We then immunodepleted each complex from XenoMerged images revealed a distinct distribution of condensins I and II along the entire length of the chromatids.
pus egg extracts. A mixture of anti-XCAP-G and -D2 removed more than 95% of the condensin I-specific In some cases, the axes stained with both antibodies displayed a somewhat bumpy and discontinuous apsubunits (XCAP-D2, -G, and -H) from an extract without affecting the levels of the condensin II-specific subunits pearance, and condensin I-and condensin II-enriched spots alternated along the chromosome arm ( Figure XCAP-C and -E, was reduced to less than 50% of the no sign of chromosome formation (Figure 5Ca ; Hirano et al., 1997). As expected, this chromatin mass was original level after depletion of condensin I, but it was only modestly affected after depletion of condensin II.
largely devoid of XCAP-G. In the condensin II-depleted extract, individual chromosomes were assembled, but Previous studies had shown that a substantial population of XCAP-C and -E (30%-50%) is present as a free their morphology was highly abnormal. These chromosomes displayed a wavy appearance, and the XCAP-G dimer in the extracts (Hirano et al., 1997) . Taking these results together, we estimate that the relative abundistribution appeared more irregular than in the control chromosomes (Figure 5Cc ). These structural differences dance of condensin I and condensin II in the Xenopus egg extracts is ‫.1:5ف‬ It is reasonable to speculate that were even more evident when salt (extra 100 mM NaCl) was added to the assembly mixtures before fixation. the low abundance of condensin II precluded its identification during the previous characterization of the conIn the salt-extracted chromosomes from the mockdepleted extract, condensin I was relocalized and condensin subunits in Xenopus egg extracts (Hirano et al., 1997). In contrast, the two complexes are almost equally centrated on the central axis (Figure 5Cd ), as we reported previously (Hirano and Mitchison, 1994). This axis abundant in HeLa cell nuclear extracts ( Figure 1B,  lane 2) .
had a smooth and continuous appearance. In contrast, the condensin I axis within the condensin II-depleted When incubated with the mock-depleted extract, sperm chromatin was efficiently assembled into rodchromosomes after salt treatment appeared heavily kinked (Figure 5Ce) , a phenotype reminiscent of that shaped chromosomes that were intensely stained with an antibody specific to XCAP-G (Figure 5Cb ). In the observed after depletion of condensin II in HeLa cells. Similar defects in chromosome morphology were obcondensin I-depleted extract, sperm chromatin was converted into a mass of decondensed chromatin with served when depletion of condensin II from the extracts was carried out with antibodies against XCAP-H2 or a It is therefore possible that the non-SMC subunits modulate the action of the SMC heterodimer so that each mixture of anti-XCAP-H2 and -D3 (data not shown). Immunoblotting of chromatin fractions confirmed that concondensin complex supports a specific set of activities. An alternative (and perhaps more plausible) scenario is densin I was loaded onto chromosomes independently of condensin II and vice versa ( Figure 5B, lanes 9-11) The identification of condensin II has allowed us to probe This helps preserve the structural integrity of chromothe molecular architecture of mitotic chromosomes in somes. Staining with a condensin I-specific antibody greater detail. In the current study, we have combined revealed a spiral-like structure, whereas the signal obtwo powerful functional assays, one in vivo (siRNAtained with a condensin II-specific antibody was clearly mediated depletion in HeLa cells) and the other in vitro distinct, somewhat irregular, and less continuous ( the chromatid axis is a mosaic structure composed of condensin I-and condensin II-rich domains. The curly chromosomes assembled in the absence of condensin although its precise conformation remains to be deter-II are reminiscent of the coiled chromosomes documined by high-resolution analysis. These considerations mented by classical cytology as a relatively rare strucand observations lead us to propose two models of how ture that can be observed only after drastic mechanical the two condensin complexes might collaborate to build or chemical treatments (reviewed by Sumner, 2003) . It up a chromosome. The first model hypothesizes that is therefore tempting to speculate that such treatments condensins I and II form independent spiral structures might selectively remove or inactivate condensin II. It is along the chromosomal axis. The condensin II-based also known that a coiled structure is more frequently structure may be more internally located and help orgaand more readily observed in certain tumor cell lines nize and stabilize the condensin I-based structure (Fig-( To perform double immunostaining of chromosomes with rabbit The digests were concentrated and purified using C18-Ziptips (Milliantibodies against condensin I and condensin II subunits, two stratpore) according to the manufacturer's protocol. The resulting pepegies were used. In the first one, coverslips were incubated with an tides were mixed with ␣-cyano-4-hydroxycinnamic acid, analyzed unlabeled rabbit primary antibody (e.g., anti-XCAP-G2), followed by by MALDI-TOF mass spectrometry, and the data were analyzed incubation with fluorescein (FITC)-or rhodamine (TRITC)-conjuusing the PROFOUND search engine (Zhang and Chait, 2000) . We gated donkey anti-rabbit secondary antibody (Jackson ImmunoReanalyzed 27 peptides derived from hCAP-G2 and identified it as search). The coverslips were treated with 1 mg/ml nonimmune rabbit FLJ20311 with a PROFOUND score of 6.7 ϫ 10 Ϫ7 .
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